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The amino acid sequence of ribosomal protein S12 from Bacillus stearothermophilus has been completely 
determined. The sequence data were mainly obtained by manual sequencing of peptides derived from diges- 
tion with trypsin, Staphylococcus aureas protease and pepsin. A few overlaps of tryptic peptides were estab- 
lished by DNA sequence analysis of a chromosomal fragment containing the rpsL gene coding for ribosomal 
protein S12. The protein contains 138 amino acid residues and has an M, of 15 208. Comparison of this 
sequence with the sequences of the ribosomal S12 proteins from E. coli as well as from Eug(ena, tobacco 
and liverwort chloroplasts shows that 75% of the amino acid residues are identical within the S12 proteins 
of all four species. Therefore, S12 is the most strongly conserved ribosomal protein known so far. 
Ribosomal evolution; Sequence homology; Protein S12; Amino acid sequence; (Bacillus stearothermophilus) 
1. INTRODUCTION 
The primary structures of 15 proteins (Ll, L2, 
LS, L6, L9, L14, L15, L17, L18, L23, L24, L27, 
L29, L30, and L32) from the 50 S ribosomal 
subunit of B. stearothermophilus have been deter- 
mined to date, and have been compared with their 
counterparts from the E. coli ribosomes ([l-5], 
preceding paper). These results allow us to cor- 
relate the B. stearothermophilus ribosomal pro- 
teins to those of E. coli and to reveal which regions 
within the proteins are highly conserved during 
evolution and which are more variable. 
We have extended this comparative study to in- 
clude the 30 S ribosomal proteins from B. 
stearothermophilus, and at present nearly com- 
plete amino acid sequences of nine proteins have 
been established. In the course of these studies, we 
found that the amino acid sequence of protein S12 
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was the most strongly conserved amongst all 
ribosomal proteins whose primary structures have 
so far been determined. 
It was revealed by reconstitution experiments us- 
ing the E. coli system that S12 is a functionally 
essential protein which is involved in the initiation 
step of polypeptide synthesis. 30 S subunits defi- 
cient in S12 are only 20% as active as control 
subunits, although the sedimentation coefficient of 
the reconstituted particle deficient in S12 is in- 
distinguishable from that of control 30 S subunits 
[6]. Furthermore, reconstitution experiments using 
streptomycin sensitive and resistant ribosomes 
demonstrated that mutated protein S12 confers 
streptomycin resistance [6]. Subsequent protein- 
chemical analysis using mutants with altered strep- 
tomycin phenotypes showed that Lys-42 and 
Lys-87 are exchanged by other amino acid in the 
protein S12 of these mutants [7]. 
In this paper, we describe the complete amino 
acid sequence of protein S12 from the B. 
stearothermophilus ribosome and compare it with 
the sequences of protein S12 from E. co/i [6], as 
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well as from the chloroplast ribosomes in Euglena 
[9], tobacco [lO,ll], and liverwort [121. 
2. MATERIALS AND METHODS 
2.1. Materials 
The materials and methods used for protein se- 
quencing have been described in the preceding 
paper, and additional information may be found 
in 1131. 
Phage Ml3 mp19 replicative forms and plasmid 
pN01523 [14] containing the E. coli rpsL gene and 
a part of the rpsG gene were purchased from Phar- 
macia. Restriction endonuclease Sau3A, T4 ligase 
and E. coii DNA polymerase I large fragment were 
obtained from Bethesda Research Laboratory. 
[a-“P]dCTP (400 Ci/mmol) was from Amer- 
sham. 
2.2. Proteipt isolation 
Ribosomal protein 512 from B. stearother- 
mophilus (strain NCA 1503) extracted from the 
30 S subunit with 66% acetic acid was purified by 
CM-cellulose column chromatography as de- 
scribed in [15]. 
2.3. Sequencing of a chromosomal DNA fragment 
corresponding to a region of S12 from 
B. ste~othermophilus 
Chromosomal DNA was extracted from B. 
stearothermophilus (strain NCA 1503) cells grown 
in LT medium at 65°C according to Chow et al. 
[16], and digested completely with Sau3A. Restric- 
tion fragments were electrophoresed on a 0.8% 
horizontal agarose gel, transferred to nitrocel- 
lulose membranes, and probed with a nick-trans- 
lated HpaI-BarnHI restriction fragment derived 
from plasmid pN01523. Hybridization was carried 
out at 37°C in 5 x SSC, and the hybridized Sau3A 
restriction fragments were purified by electro- 
phoresis in 0.8% low melting agarose gel. The 
isolated fragments were ligated into the BarnHI 
site of Ml3 mp19. The ligated products were used 
to transfect E. coli JM105. DNA from the resul- 
tant recombinant clones was sequenced by the 
dideoxynucleotide chain termination method [ 171. 
2.4. Nomenclature 
The ribosomal protein S12 of B. stearother- 
mophilus was designated according to its amino 
acid sequence homology to the corresponding E. 
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Fig.1. Amino acid sequence of protein S12 from B. steurothermophilus. Sequence data on individual peptides are 
indicated as follows: -, sequenced by the DABITWPITC double-coupling method; D , sequenced by the solid-phase 
procedure. SEQ indicates a direct degradation of intact protein. TRY, SP and PEP indicate peptides derived from 
cleavage with trypsin, StaphyIococcus aurew protease and pepsin, respectively. 
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coli protein S12. When necessary, the prefix B (B. 
stearothermophilus), or E (E. coiQ is added to dif- 
ferentiate between the homologous proteins. 
3. RESULTS AND DISCUSSION 
3.1. Amino acid sequence of S12 
The complete amino acid sequence of protein 
S12 from the B. stearothermophi~us ribosome is 
presented in fig.1. The sequence of S12 was mainly 
derived by analysis of peptides obtained by 
cleavage with trypsin, Staphylococcus aureus pro- 
tease, and pepsin. Tryptic digestion of ,512 gave 22 
peptides which were isolated by an HPLC system 
using a Vydac Cl8 column. All peptides were com- 
pletely sequenced by the DABITWPITC double- 
coupling method or solid-phase method. The 
alignment of the tryptic peptides was accomplished 
by sequencing the peptides isolated after digestion 
with ~faph~~ococc~ protease or pepsin, with the 
exception of overlaps between peptides T9 and 
Tl 1. The order of these peptides was determined 
by DNA sequence analysis of the B. stearother- 
mophilus S12 gene as presented in fig.2. 
The Sau3A restriction digest of the chromo- 
somal DNA from B. stearothermophi[us was 
hybridized with the WpaI-BamHI restriction frag- 
10 
P T I NQLVRKG 
TGTGAAAGGAGGAACTTTTTCATCCCTACAnTCAACCAACCAATTAGTCCGCAAACGA 
20 
R E K K ” FKSKSPALNKGYN 
CGCCACAAAAAAGTATTTAAATCGAAATCCGTTGAACAAAGGGTACAAC 
30 40 
s F K K EQTNVASPQKRCVC 
AGCTTCAAAAAAGAACAAAC~AACGTCCCCTCTCCGCAAAAACGTGGCGTCTGC 
50 60 
TRVCTMT PKKPNSA L I? K Y 
ACGCGTGTCGGCACGATCACGCCCAAAAAAACCGGCGCTTCCGAAATAT 
70 
A RVRLTNGI 
CCCCGTGTCCCTCTCACCAACGCGATC 
Fig.2. DNA sequence of a chromosomal DNA clone 
from B. stearothermophilus and the deduced piotein 
sequence for part of the protein S12. The protein 
sequence corresponds to residues l-73 of S12. 
ment derived from plasmid pNO1523, which con- 
tains the intact S12 gene as well as the N-terminal 
part of the S7 gene from E. cob. Specific 
hybridization was obtained with a fragment of 
-0.3 kb. Accordingly, the DNA fragments with a 
size of 0.3 kb were directly cloned into the Ml3 
mpl9 vector and again screened with the HpaI- 
BamHI fragment. The recombinant DNA obtain- 
ed was directly sequenced by the dideox~ucleotide 
chain termination method. It became apparent 
that the 3 ‘-end of the Sau3A fragment contained 
a part of the gene for protein S12. This sequence 
yielded the alignment of T9 and Tl 1 and also con- 
firmed the amino acid sequence of residues l-73 
of protein 512, as given in fig.2. Protein S12 con- 
tains 138 amino acid residues and has a calculated 
M, of 15 208, as shown in table 1. 
3.2. Comparison of amino acid sequences 
The amino acid sequence of protein S12 from B. 
stearothermop~i~us is aligned in fig.3 with that of 
the E. coli 512 [S] as well as with the sequences of 
Table 1 
Amino acid composition and M, of protein S12 from 
B. steurotherm~ph~tus 
Amino acid Protein S12 
Asp 2 
Asn 8 
Thr 8 
Ser 7 
Glu 4 
Cln 5 
Pro 8 
Gly 14 
Ala 11 
Val 12 
Met 2 
Ile 7 
Leu 8 
Tyr 5 
Phe 2 
His 3 
LYS 18 
Arg 13 
CYs 1 
Total 138 
h.6 15208 
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Et.stearo. 
E.coll A+"++++++P+AR++A++N"+++E 
Euglena M**LEH+T*SP+KKIKR+T+*+*+K 
Tobacco M**+K**ItNT+QPIRNVTtt++tR 
LlverwortM+++Q++I +NK+QPIENRT+ + + + +K 
+C++++++++++Y 
GC++**AI+M++Y 
GC++R++T++++Y 
GC++R+++++++Y 
B.st.Z&rO. TnTPKKPNS6~LRKYARVRL~NGIEVTAY~~G~GRNLQE"~"VL~RGGRV'~' 
E.coll +T+*+++r+++++VC+++++++~+++S++G+S+++++++.+*++++~+++ 
Euglena 
1 
+T+++;+t+++++VT++++SS+L+++++++++++++++++++++++++++ 
Tobacco +~+++++++++++V+++++tS+~+~++++++++++++++++++V++++++ 
Liverwort +T+++++++++++~++++++S+~+~++++++++++++++++++V++++++ 
t 
110 1‘0 110 
ia.stearo. DLPGVRYHIIRGALDTAGVANRMQGRSKYGAKKPKAAK 
E.cOll +++++++tTV+++++CS++KD+K+A+++++V+R+++ 
Euglena + l +++K++"+++C++A+S+K++KNA+++++V++++PK 
Tobacco 
1 +++++++++V++T++AV++KD+Q+++++++V++++ 
Liverwort ++++++++++++T++AV++KD+Q+++++++V++S+ 
t 
Fig.3. Comparison of the amino acid sequence of the protein S12 from the B. stearothermophilus ribosome with the 
sequences of the corresponding proteins from E. coli [8], and from chloroplast of Euglena gracilis [9], Nicotiana 
tabacum [ 10,l l] and Marchantiapofymorpha [121. + , indicates residue identical with Bacillus S12. Numbering is based 
on the residues of the protein S12 from B. stearothermophilus. Vertical arrows indicate sites of splicing junctions in 
the ribosomal proteins S12 from tobacco and liverwort. 
the homologous proteins from Euglena [9], tobac- 
co [lO,l l] and liverwort [12] chloroplasts. BS12 
can be easily aligned with ES12 and with the 
chloroplast proteins, showing identities between 
71% and 76%. The degree of homology between 
the various proteins is given in table 2. BS12 has 
the highest homology to its homologue from E. 
coli (76% identical residues) and only a slightly 
lower homology (71%) to the Euglena protein. 
BS12 appears to be somewhat more closely related 
to the chloroplast proteins than ES12. 
Table 2 
Degree of homology of individual proteins, as percent 
identity, calculated for each pair of protein S12 
B. stearo- E. coli Euglena Tobacco 
thermo- 
philus 
B. stearo- 
thermophilus 
E. coli 
Euglena 
Tobacco 
Liverwort 
76 
71 70 
75 71 74 
75 70 75 92 
The sequence homology found for protein S12 is 
particularly high as compared to the other 
homologous pairs of B. stearothermophilus and E. 
coli ribosomal proteins sequenced so far (table 3). 
This result indicates a very slow rate of evolu- 
tionary change in protein S12 and it is also found 
by a comparison of the chloroplast S12 proteins 
with the E. coli S12: chloroplast S12 shows about 
70% homology to the E. coli S12, whereas other 
chloroplast ribosomal proteins have only -40% 
homology with their counterparts of E. coli [12]. 
This high conservation of the amino acid sequence 
of protein S12 reflects the essential role of protein 
S12 in bacterial and chloroplast ribosomes. 
Several interesting features of the B. stearother- 
mophilus sequence are apparent by comparing it 
with the sequences of ES12 and the chloroplast S12 
proteins. Firstly, the cysteine content of BS12 is 
lower and only one cysteine (Cys-45) is conserved 
whereas the methionine content of BS12 is higher 
and this protein contains two methionine residues 
(Met-52 and Met-123) instead of threonine and 
lysine, respectively, in protein ES12. In contrast, 
the three histidine residues in BS12 (His-84, His-89 
and His-108) are conserved in all four proteins. As 
described above, the lysine residues in positions 42 
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Table 3 
Protein Number of residues Identity References 
woo) 
SF 234 240 53 
s4” 197 203 52 
SS 166 166 55 
S8” I29 129 47 
s9 129 129 54 
S12 138 123 76 
515 88 88 57 
Sf@ 88 88 45 
520” 83 86 51 
Ll 232 233 51 
L2 274 272 60 
L5 179 176 59 
L6 177 176 49 
L9 147 148 33 
L14 122 123 69 
L15 146 144 44 
L17 1x7 127 49 
Li8 120 117 53 
L23 95 100 28 
224 103 103 44 
L27 87 84 54 
L29 66 63 46 
L30 6i 58 53 
L32 56 56 25 
unpubiished 
unpublished 
1 
unpublished 
2 
this paper 
unpubhshed 
unpublished 
unpublished 
4 
5 
preceding 
paper 
2 
2 
4 
4 
2 
preceding 
paper 
4 
4 
2 
4 
1 
3 
a Sequences have been provisionally estabfished 
and 87 of ES12 are exchanged by other amino 
acids in streptomycin-resist~t mutants of E. co& 
f?]_ It is interesting that both Iysine residues are 
conserved in BS12 as well as in the chloroplast 
ribosomal Sl.2 proteins. 
Secondly, with regard to the distribution of con- 
served and variable residues in the S12 proteins, 
there are long runs of highly conserved sequences, 
namely in the regions Thr-53-Tyr-64 and 
Leu-93-His-l@?. I3oth regions are located in the 
middle of the protein chain. On the other hand, the 
N-terminal 50 residues are less conserved, and this 
region contains an insertion of 13 amino acid 
residues, The amino acid sequences of the S12 pro- 
teins from tobacco and liverwort chloroplasts have 
recently been deduced from DNA sequence 
analyses of the corresponding genes [IQ-121. The 
DNA sequence data revealed that the genes for 
these two Si2 proteins are divided into exons and 
introns, It is of interest hat one of these exons (ex- 
on 2) corresponds well to the conserved region in 
S 12 proteins. 
Finally, as mentioned above, in BS12 there is a 
long run of I3 amino acid residues inserted within 
the N-terminal region (fig.3). In spite of this rather 
long insertion, the E. coli S12 can be completely 
replaced by the B, stearothermophilus S12 in 
polytU)-dependent polyPhe synthesis [ 18f. This 
might suggest hat the inserted residues of BS 12 are 
not essential for the ribosomal function. However, 
when a natural mRNA, e.g. f2 phage RNA, and 
not an artificial mRNA like poly(U) is used, there 
is a distinct difference between the ribosomes of E. 
co& and B. ste~rother~~~h~~~s: the f2 phage RNA 
can be translated by the former but not the latter 
ribosomes [IS]. It has been found that the 30 S 
components responsible for this difference are 
mainly S12 and the 16 S rRNA (see discussion in 
[20]). It is possible that this different ability of 
tibosomes of the two species is correlated with the 
long insertion in the N-terminaf region of ES12 
protein, especially since the other parts of the 512 
protein are very strongly conserved. 
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